The paucity of widely separated binaries and the low binary fraction of the dynamically excited population means that the observed blue CCKBOs, which are found almost entirely as binaries, are not contamination from the low-inclination tail of the current excited population 1 
.
The small KBOs which possess higher inclinations and eccentricities than the CCKBOs occupy a broad range of colours, 0 s 50 % and have a low ∼ 10% binary fraction 4 . Rather, the blue binaries must have a different formative, or evolutionary history than the excited objects.
Collisional dredge up of fresh, blue coloured icy material is one possible mechanism for the conversion of a red CCKBO into a blue CCKBO. This mechanism is largely excluded, as all observed KBO binaries, including those we report here, exhibit equally coloured binary components 7 , requiring that any colour altering collisions must always alter both bodies simultaneously. Ejecta simulations demonstrate that significantly more of the ejected material is re-accreted by the impacted body than is by the secondary (see Methods). Therefore, collisions by other KBOs can not cause significant alteration of an object's colour while still preserving the colour equality of the binary components 7 .
A possible alternative source of impactors are collisions between bound members of higher multiplicity systems, like the triple system, 1999 TC36 from the remaining cloud debris (see Methods). Even in this scenario, impacts by small bodies are always more frequent than by larger bodies, and so the binary colour symmetry would be broken.
The known members of the Haumea collisional family are water-ice rich KBOs that appear to be the remnants of a larger disrupted parent object 16 . All family members exhibit similarly blue optical surface colours as do the blue CCKBO binaries, suggesting the possibility that the blue binaries are the fragments from the disruption of a larger KBO. Simulations of disruptive collisions produce binary systems from the ejecta fragments 17 . Those simulations however, mainly produce single objects, consistent with the observation that all small Haumea family members are single objects. Given the dearth of single blue CCKBOs, it seems unlikely that the blue CCKBO binaries are the fragments of a large disrupted object.
Recent simulations have demonstrated that the heliocentric orbital structure of the cold classical region including the so-called kernel 18 , or concentration of objects at ∼ 44.5 AU, can be accounted for if Neptune's outward migration were predominantly smooth, but disrupted by a large jump of ∼ 0. 5 AU 9 . During this migration, a small fraction of objects can be swept up in the 2:1 mean-motion resonance (MMR) and be transported outwards, avoiding any close encounters with Neptune which would otherwise disrupt the binary pairs 3 . Our n-body simulations demonstrate that binaries as widely separated as the most tenuously bound known binary, 2001 QW322
31
, are robust against being unbound during this push-out process; binaries with initial binary semi-major axis to mutual Hill sphere ratios, a B /R H ≤ 0.25, survived being pushed out into the cold classical region (see Fig. 3 ). The details of our simulations are presented in the Methods.
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The idea that the blue CCKBO binaries are a contaminant that was pushed out during Neptune's migration on to cold classical orbits agrees well with the hypothesis that the blue-red bifurcation of the excited KBO colour distribution 8, 14 is a result of an object's heliocentric formation distance 20 . In our simulations, surviving binaries were pushed out by no more than 6 AU, originating in the ∼ 38 − 40 AU range. Similar simulations suggest that the red coloured, widely separated binary, 2007 TY430, which now resides in the 3:2 MMR plausibly originated at ∼ 37 − 39 AU but could have originated even further out 9 . This would require that the distance inside which blue binaries originated was only a handful of AU inside the current inner edge of the cold classical region. Literature estimates 20 of the distance outside of which small objects are cold enough to retain NH 3 against sublimation loss is ∼ 34 AU suggesting that early sublimation loss of ammonia may play a role in the production of the different surfaces of these two populations.
The push-out scenario we describe would have the startling implication that virtually all planetesimals that formed in the region from which the blue binaries originated must either have formed as binaries or higher multiplicity systems, or attained high multiplicity before the push-out occurred. This is required by the fact that all but one of the blue CCKBOs are found in binary pairs. Our scenario makes a number of predictions. Firstly, there should be a concentration of blue binaries alongside the kernel 18 which appears to be populated by the same push-out process 9 .
Secondly, there should be a paucity of blue binaries beyond the kernel's outer edge at ∼ 45 AU, a prediction that is consistent with the known objects. Finally, compared to the population interior to the kernel, a high blue:red fraction for widely separated binaries on low eccentricity and inclination orbits in the 2:1 MMR would disfavour our push-out scenario, as the low excitation 2:1 resonators 6 should be predominantly populated from objects that resided at and beyond the kernel distance after the jump occurred.
Recently, the idea of producing large planetesimals from the collapse of gravitationally bound clouds of solids has been put forth as a potential solution to avoiding a number of barriers that hinder planetesimal growth 21 . Formed through instabilities driven by the interaction of gas and solids in a disk, the subsequent collapse of these clouds spontaneously produces a bound system of two or more objects 12 . This presents a natural solution to forming a planetesimal population with a high binary fraction, though this mechanism may be unable to produce the large population of retrograde KBO binaries 12, 22 . If KBOs formed in this way, there will be relatively many more single objects with radii smaller than the individual primary components, as, during the collapse process, a large number of single objects with radii ∼ 10 − 50% that of the primary body are ejected from the collapsing system. These objects would have brightnesses of 25 magnitude, fainter than any colour or binary survey to date.
An alternative scenario for the creation of a nearly 100% binary fraction is single planetesimal growth through pebble accretion with subsequent binary production via the L2s processes, or dynamical friction from the residual pebble population 11 . Pebble accretion simulations can reproduce the CCKBO size distribution 10, 23 while maintaining a sub-hill velocity dispersion and a surface density of small planetesimals throughout the majority of the planetesimal growth phase.
These conditions are conducive to binary formation through dynamical friction; rough estimates suggest that in these conditions, the fractional binary formation rate is on the order of ∼ 10 −6 per 7 year, implying a virtual 100% binary fraction after just one million years.
If the blue binaries are contaminants of a push-out process, then those systems are easily identifiable probes of the early disk conditions interior to the cold classical range. Our simulations demonstrate that tightly bound binaries survive cold classical implantation more frequently than do initially wider separated pairs. During the push-out process, excitation in binary eccentricity occurred for objects with a bin 0.1R H , with only modest change in binary semi-major axis. With the exception of binary systems with the largest eccentricities, the typical dynamical evolution of a binary under the effect of tides and collisions results in no significant change in binary semimajor axis. Therefore, the push-out scenario would also demand that the region from which blue binaries originated must also be entirely devoid of closely separated binaries. This would imply the existence of a gradient in the formative conditions between ∼ 37 and ∼ 44 AU. If KBOs were produced by cloud collapse, it may be that the formative conditions interior to the cold classical region resulted in clouds with higher angular momenta than formed further out, which on average would produce more widely separated binaries. Such a scenario could be explained if the cloud masses decreased with heliocentric distance from 37 to 44 AU (see Methods). In the L2s binary formation mechanism, the orbital energy loss due to dynamical friction is a strong function of the pebble disk surface density. It may be then that conditions at ∼ 37 AU were just right to result in a near 100% binary fraction, but insufficient to produce a large population of binaries with a bin 0.05R H . for example). The dynamically fragile, widely separated binaries however, are commonly associated with the cold populations. Therefore, we adopt a definition for cold classical object similar to that commonly used in the literature 25 that encompasses all known binary objects near the cold belt. Specifically, we define a CCKBO as any object not in a meanmotion resonance with Neptune, possessing a semi-major axis 42 ≤ a ≤ 47.5 AU, a perihelion distance q > 36 AU, and an ecliptic inclination i < 6
• ; resonant behavior of new and known objects was searched for as in 27 . Critically, we emphasize that small variations in our definition of cold classical do not appreciably alter the significance of the results presented in this paper.
For our sample of colours, we consider newly reported observations as well as previously reported colours. Reported KBO colours were selected from the literature based on their reliability.
We adopt optical colour measurements from the Hubble Space Telescope (HST) reported by 7, 28, 29 and only those measured in a single orbit. We also consider the colours reported by In all cases that an object has several independent colour measurements, all measurements were in agreement to within 2 − σ of the quoted uncertainties. If an individual measurement was more precise than the weighted mean, that value was used instead. We consider only those measurements with spectral slope uncertainty ∆s < 7%, the largest colour uncertainty for any of the known binary
CCKBOs. The full list of colour measurements we consider is presented in Supplementary Table   1 .
Measurements of 11 new CCKBOs were gathered with the GMOS detector 33, 34 on the GeminiNorth telescope as part of the program Colours of the Outer Solar System Origins Survey (Col-OSSOS). The sample consists of all CCKBO targets with brightness at discovery r < 23.6 as observed by the Outer Solar System Origins Survey 13 . Orbit classification of these targets was done as above, confirming their non-resonant behaviour. Photometry was acquired in the Sloan g' and r' filters in a rg and a gr sequence using 300 s exposure times, with total number of exposures tuned to achieve a final photometric precision in the (g'-r') of no more than 0.06 magnitudes, or ∆s 3%. Images were preprocessed with standard techniques and photometrically calibrated using background stars catalogued in the Sloan Digital Sky Survey (SDSS) 35 . Photometry was mea-2 http://www.stsci.edu/institute/software_hardware/stsdas 16 sured using the TRIPPy package 36 . To account for small lightcurve variations across the observing sequences, a line was fit to the g and r measurements simultaneously, assuming a constant (g'-r') colour, using standard least-squares techniques (see Supplementary Figure 1 ). The mean fit colour was then converted to the SDSS system using a linear colour conversion between the Sloan and Gemini filters. This conversion was determined to be (g − r ) Gemini = 0.90(±0.01) × (g − r ) SDSS .
TRIPPy was used to calculate model trailed point sources for each target. The brightness of each source was fit in a maximum likelihood sense to the actual image and removed. The residual images were visually inspected for candidate binaries. For objects 2016 BP81, 2013 SQ99, and 2014 UD255, the secondary was obvious (see Fig. 1 ). The fitting procedure was repeated using two model trailed sources simultaneously to measure binary component separation and brightness ratio. No secondaries were detected around other sources to the noise limit of the data. Primarysecondary brightness ratios are presented in Supplementary Table 2 .
Images of 2002 VD131, the bluest known CCKBO not previously identified as a binary known, so we restrict photometric calibration to SDSS stars with 0.5 < (g − r ) < 1.0, similar to most KBOs. Where insufficient background stars were available, zeropoints from other images taken on the same night were used, and an additional uncertainty of 0.03 magnitudes was included, accordingly. All spectral slopes are reported in Supplementary Table 1 .
Where available, binary semi-major axes were taken from the Mutual Orbits of Trans-Neptunian Binaries webpage 3 6 . Where the orbit has not yet been reliably determined, the 3 − σ lower-limit to the binary semi-major axis was taken as a lim = r 1+emax
where r is the 3 − σ lower limit of the widest observed separation of a target. We adopt e max = 0.8. All semi-major axes and lower-limits are reported in Supplementary Table 2.
Colour Distribution Comparison
We address the question of the null hypothesis that the observed binary and single colour distributions are the same. From the observed colour distribution, it is apparent that the binary colour distribution is wider, has a bluer mean colour, and extends to bluer values than does the single colour distribution. Thus, between the binary sample of 29, and the single sample of 58, we utilize the absolute difference of means and the difference of widths statistics. To that end, from the distribution of 58 singles colour sample, we bootstrapped with repetition samples of 29 objects. The absolute difference of the means and standard deviations of the random sample and the observed single population were recorded. The difference of means statistic suggests there is only a 0.09% chance that the binary and single objects share the same colour distribution. The difference of standard deviations suggests that the probability is 0.1%.
We also define the observed condition, that the sample of 29 has 5 or more objects that are bluer than the bluest object in the sample of 58. When bootstrapping two random samples of 29 and 58 from the full sample, the observed condition occurred in only 0.11% of those simulations.
In our testing, we avoided the standard Kolmogorov-Smirnov and Anderson-Darling tests which are insensitive to distributions that differ maximally in their tails. We also caution that our tests implicitly assume that the binary and single colour distributions are biased in the same manner. The biases in our colour distributions are hard to quantify. Typically, once a target has been identified as a binary, it receives additional focused observations for various purposes, which may increase the chance of it receiving a colour measurement compared to an otherwise similar, but single CCKBO.
Binary Migration Simulations
It is now well accepted that the majority of the dynamical structure of the Kuiper Belt was acquired during the early migration of the gas-giant planets, and in particular, that of Neptune (eg.
24
). In terms of matching the known orbital structure of the CCKBOs, the simulations of 9 are the most successful. Those simulations are characterized by an initial period of fast migration, and a later period of slower migration onto its current orbit, with a small jump of ∼ 0.5 AU in semi-major axis and 0.05 in eccentricity which occurs when Neptune reached 27.8 AU. During the initial migratory phase, planetesimals in the 35-40 AU range are temporarily swept into the 2:1 MMR, and transported outwards. When the jump occurs, some objects leave the 2:1 and are deposited into the CCKBO region. The final stage of migration and further evolution to the current age of the Solar System causes minor excitation to objects in that region.
We probe if binary KBOs can survive the migratory scenario presented by 40 by repeating the nominal simulation presented in 9 . We made use of the leapfrog integration scheme implemented in the REBOUND integrator 4 . We implemented the fictitious damped migratory forces of 41 , which on secular timescales produce semi-major axis, eccentricity, and inclinations given by
where e o , i o , a f are the initial eccentricity, inclination, and final semi-major axes of the forced body. ∆a sets the approximate total distance the body would migrate during the integration. We also include an additional gravitational force term between pairs of initially bound planetesimals.
The integrations utilized a 0.5 day timestep to ensure that the binary orbits with orbital periods as short as ∼ 11 days were evolved correctly. We chose to forgo the second stage of migration because the excitation of the cold classical objects is sensitive to Neptune's unknown, and not very well constrained late migratory behaviour 21 26 . Simulations by Nesvorny however, have demonstrated that regardless of the behavior, only modest change in the orbits of the cold classical objects occurs. In his nominal simulations, the mean change in eccentricity and inclination of objects that were in the cold classical region at the start and end of the second stage of migration was -0.05 and −0.3
• with a survival rate of ∼ 65%. Thus, while the exact orbital distribution cannot be extracted from ours or other migration simulations, the lack of simulation of the second stage of migration does not alter our conclusion that widely separated binaries can survive push-out by a migrating Neptune.
To see if the combined effects of collisional and tidal evolution of binary systems could account for the lack of closely bound blue binaries, we analyzed the results of 43 in search of any trends of change in binary semi-major axis with initial binary eccentricity. As can be seen in Supplementary Figure. 3 , no significant mean change in binary semi-major axis occurred for systems starting with eccentricities 0.7. It appears that the combined effects of collisional and tidal evolution together, alongside the eccentricity excitation experienced during migration, cannot account for the lack of observed closely separated blue binaries.
Binary Formation and Cloud Collapse Simulations
Various KBO binary formation mechanisms have been put forth to remove angular momentum and bind two single bodies in close proximity. These mechanisms invoke scattering of one or more smaller bodies 11, 44 , or collisions between two KBOs within the sphere of influence of a third 45 to bind two of those objects into a binary system. Given the poor efficiency of some of these mechanisms 46 and the necessity of a third body, it seems implausible that the conditions were such that most of these mechanisms could successfully convert virtually all single bodies into binaries 12 . Nesvorny et al (2010) point out that 22 to achieve binary formation rates sufficient to account for the CCKBO binary fraction, the planetesimal velocity dispersion must remain sub-hill during planetesimal growth. These conditions are met by the pebble accretion model of 10 . When the velocity dispersion and pebble densities of that model are considered, the L2s formation mechanism predicts high fractional binary conversion rates of ∼ 10
per year. While it is not clear if the L2s model can ever achieve high enough of a binary fraction to be compatible with the ∼ 100% binary fraction exhibited by the blue binaries, from rate estimates alone, the L2s mechanism remains a viable formation route.
An alternate formation route is presented by gravitational collapse. 12 simulate the formation of large planetesimals during the collapse of gravitationally bound clouds of small objects.
This process preferentially produces bound high multiplicity systems, offering a viable alternative mechanism for binary production. We analyzed the collisional behaviours of those simulations under varied initial conditions. Three separate simulations were run with initial mass of 14.1×10 ) and three separate values of initial angular momentum. The outcomes of those simulations are presented in Supplementary Table 3 . In Supplementary Figure. 4 we present one example of the accretionary collisions that drove the growth of a triple system that resulted from one such simulation. Assuming a density of ρ = 1 g cm
, at the end of the simulation, the combined mass of the two largest bodies is M tot = 5.5×10 In all three simulations, the radii of the largest objects, their total system mass, and the impact velocities experienced by those large bodies were similar: radii, maximum impact velocities, 23 and system masses were within factors of 1.5, 2, and 3 of each other (assuming equal densities).
Notable changes were found however, in overall formation efficiency, and final binary semi-major axes. For these three simulations, an increase in angular momentum results in an increase in the fraction of initial cloud material that is ejected, and conversely, a decrease in the fraction of initial cloud mass accreted into the large remaining bodies. An increase in angular momentum also results in increased semi-major axis of the two largest components. This trend suggests that the orbital differences seen between the blue and red CCKBO binary systems may be a result of the conditions at the start of the collapse, the former starting with typically large cloud masses with higher initial angular momenta than the latter.
Gravitational collapse of a pebble cloud occurs when the Roche density is reached inside the cloud. At that point, the cloud has mass M tot , with intial radius ∼ R H and density ρ R . R H is the Hill radius, which is proportional to the heliocentric distance and the cube root of cloud mass; the Roche density, ρ R , is proportional to the inverse heliocentric distance cubed.
The critical spin frequency above which the pebble cloud will disperse scales as the square root of its density.
At that point, the cloud angular momentum is
For the angular momentum of pebble clouds to decrease with heliocentric distance, the cloud mass must also decrease with distance, faster than a , an impact by an ∼ 0.1 km impactor is required to recoat the entire surface of the impacted body.
The observed KBO size distribution 23 has a rapidly increasing number of objects with decreasing size. Thus, collisions that would resurface only the more readily coated primary will occur more often than collisions that would resurface both objects. This is true for both scenarios in which the impactors originate externally, or are gravitationally bound to the system. 2014 UD225 0.67 ± 0.02, 21400 ± 600 0.12 ± 0.01
Note: Uncertainties are 1 − σ uncertainties. The confidence intervals have been combined using all images available for each target for the quoted uncertainties. Binary properties were measured from Gemini-GMOS images of 2013 SQ99 and 04h45. For 2016 BP81, only the single GMOS frame with the best image quality was used as it was the only frame to resolve the two components. The single images with best image quality from each of the Magellan and CFHT image sequences were used to measure the properties of 2002 VD131.
Supplementary where R tot is the initial cloud radius. Final primary and secondary radii and binary semi-major axis at end of the simulations are also presented. Ratio of final and initial binary semi-major axis vs. initial binary eccentricity for the binary evolution simulations of Bruini and Zanardi (2016) which assumed a tidal quality factor of Q=10. Yellow, red, green, and magenta points correspond to binary size ratios of 0.25, 0.5, 0.75, and 1. The black line depicts the mean ratio as a function of initial eccentricity for the entire sample. A mean reduction in semi-major axis is observed for eccentricities e o 0.6 where tidal forces become the dominant driver of the binary evolution. As exhibited by the nearly smoothly increasing radius of the large bodies with time, impacts are dominated by the smallest bodies in the simulation.
